The effect of ischemia on the function of cardiac sarcoplasmic reticulum (SR) was assessed by the calcium uptake rate of rat whole-heart homogenates In the presence of 10 mM oxalate. Previous studies have shown that this uptake is restricted to the SR. The contribution of the ryanodine-sensitive fractions of the SR to the total homogenate uptake was assessed by using 20 fx,M ruthenium red and 625 /*M ryanodine to close the SR calcium release channel under previously established optimal conditions. Global ischemia of 10, 15, 30, and 60 minutes depressed homogenate calcium uptake rate 19±2%, 50±6%, 65±3%, and 81±5%, respectively. This decrease was not observed when the uptake rates were measured after closure of the calcium channel with ryanodine or ruthenium red. Similar results were obtained with a Langendorff in vitro perfusion preparation, in which calcium uptake was decreased 35±5%, 37±8%, 58±7%, and 64±4% after 10, 15, 30, and 60 minutes of ischemia, but no significant decrease was observed when homogenate uptake rates were measured in the presence of ryanodine. Thus, ischemia caused a depression in the calcium uptake rate of cardiac SR only when this activity was measured in the absence of SR calcium channel blockers. Reperfuslon of ischemic hearts in a Langendorff preparation resulted in recovery of homogenate calcium uptake activity that correlated well with the return to sinus rhythm of the reperfused hearts. These reperfused hearts showed no change in the calcium uptake rate measured in the presence of ryanodine. These results suggest that the decrease in homogenate calcium uptake caused by ischemia is not due to a defect in calcium pumping capabilities but is due to an increased efflux through the ryanodine-sensitive calcium release channel of cardiac SR. {Circulation Research 1989;65:1400-1408)
The effect of ischemia on the function of cardiac sarcoplasmic reticulum (SR) was assessed by the calcium uptake rate of rat whole-heart homogenates In the presence of 10 mM oxalate. Previous studies have shown that this uptake is restricted to the SR. The contribution of the ryanodine-sensitive fractions of the SR to the total homogenate uptake was assessed by using 20 fx,M ruthenium red and 625 /*M ryanodine to close the SR calcium release channel under previously established optimal conditions. Global ischemia of 10, 15, 30 , and 60 minutes depressed homogenate calcium uptake rate 19±2%, 50±6%, 65±3%, and 81±5%, respectively. This decrease was not observed when the uptake rates were measured after closure of the calcium channel with ryanodine or ruthenium red. Similar results were obtained with a Langendorff in vitro perfusion preparation, in which calcium uptake was decreased 35±5%, 37±8%, 58±7%, and 64±4% after 10, 15, 30 , and 60 minutes of ischemia, but no significant decrease was observed when homogenate uptake rates were measured in the presence of ryanodine. Thus, ischemia caused a depression in the calcium uptake rate of cardiac SR only when this activity was measured in the absence of SR calcium channel blockers. Reperfuslon of ischemic hearts in a Langendorff preparation resulted in recovery of homogenate calcium uptake activity that correlated well with the return to sinus rhythm of the reperfused hearts. These reperfused hearts showed no change in the calcium uptake rate measured in the presence of ryanodine. These results suggest that the decrease in homogenate calcium uptake caused by ischemia is not due to a defect in calcium pumping capabilities but is due to an increased efflux through the ryanodine-sensitive calcium release channel of cardiac SR. {Circulation Research 1989; 65:1400 -1408 A lthough it is known that cardiac sarcoplasmic / \ reticulum (SR) becomes damaged after isch-A. JL emia, the exact character, extent, and cause of the damage remain unknown. The reported ischemic damage of the SR has varied considerably depending on the species of laboratory animal used, the method used to produce ischemia, and the assay used to assess damage. 1 -8 The methods used to evaluate SR function have included the rate of calcium uptake of isolated SR vesicles in the presence of a precipitating anion such as oxalate and the extent of steady-state filling with calcium in the absence of such anions. It is now established that part of the calcium uptake activity resides in vesicles containing a calcium efflux channel that prevents calcium accumulation under the usual assay conditions. 9 -11 The previous estimates of ischemic damage of calcium uptake activity by cardiac SR have not included the uptake contributed by the SR containing this calcium efflux channel.
There is now overwhelming evidence that an SR calcium efflux channel is sensitive to ryanodine, a neutral plant alkaloid that causes irreversible contracture of skeletal muscle and a decreased developed tension of cardiac muscle. 12 A ryanodine receptor has been isolated from both cardiac and skeletal SR, 1316 and reconstitution of this receptor in planar bilayer membranes results in a conductance pathway with properties consistent with the native calcium release channel. 17 -20 The interaction of this channel with ryanodine is complex. Ryanodine at low concentrations activates calcium efflux from vesicles 21 -22 by increasing the probability of channel opening, though the conductance of the channel is reduced. 23 The channel can be closed by micromolar concentrations of ryanodine 10 ' 21 ' 22 ' 24 or ruthenium red. 22 -25 Binding of [ 3 H]ryanodine to isolated cardiac SR reveals a high-affinity site with a K D of about 7 nM. 24 -26 * 27 Saturation of the highaffinity binding site is associated with an increased efflux through the channel, and occupancy of a low-affinity site results in closure of the channel. 24 -27 Closure of the channel by ryanodine requires proper preincubation conditions that now have been described for isolated dog cardiac SR 10 and rat heart homogenates. 28 The ryanodine-sensitive portion of the SR contributes from one half to two thirds of the calcium uptake activity in homogenates of heart tissue, 28 but the effect of ischemia on the calcium uptake by the ryanodine-sensitive portion has not yet been investigated. Since the increase in cytosolic calcium concentration after ischemia 29 -32 could be due in part to a dysfunction of calcium release, we have studied the calcium uptake in the presence and absence of ryanodine and ruthenium red after various periods of ischemia. Because a recent report shows that low concentrations of ryanodine can prevent ventricular arrhythmias during acute myocardial ischemia and reperfusion in the rat, 33 we have also investigated the homogenate calcium uptake after reperfusion of the ischemic myocardium and correlated this activity with the return to sinus rhythm. We have used the homogenate calcium uptake activity throughout this study because it avoids any possible artifact in the SR isolation 1 and it allows a rapid assessment of an activity referable solely to the SR.
Materials and Methods

Preparation of Heart Homogenates
For the in situ studies, male Sprague-Dawley rats (190-210 g) were anesthetized with sodium pentobarbital (65 mg/kg). The inferior and superior venae cavae were clamped, and the heart was allowed to empty for several beats before the aorta was clamped for 5, 10, 15, 30, or 60 minutes. The temperature of the animal was monitored by a rectal thermistor and was maintained at 37° C throughout the ischemic period by use of a heat source.
For the in vitro studies, the heart was excised from an anesthetized and heparinized (100 units via the femoral vein) rat and then placed in ice-cold Krebs-Henseleit buffer containing (mM) NaCl 118.5, NaHCO 3 25, KC1 3.2, MgSO 4 1.2, KH 2 PO 4 1.2, glucose 11.1, and CaQ 2 1.4. The heart was then attached to a Langendorff apparatus via the aorta for retrograde perfusion. The pulmonary artery was cut, and the hearts were paced at 320 beats/min. The hearts were perfused for a 10-minute equilibration period with the Krebs-Henseleit buffer, described above, at 37° C and maintained at pH 7.4 by contin-uous bubbling with 95% O 2 -5% CO 2 . At the end of the equilibration period, the aortic cannula was clamped for periods of 5, 10, 15, 30, or 60 minutes. The heart was enclosed in an air space surrounded by a water jacket at 37* C. After the prescribed period of ischemia, the heart was removed, placed in ice-cold 0.9% NaCl, trimmed of atria and large vessels, blotted, and weighed. The hearts were homogenized in 5 vol ice-cold 10 mM imidazole buffer, pH 7.0, with a Porytron homogenizer (Brinkmann, Westbury, New York) with PT10 probe, setting 6, for two 10 -second periods.
For the reperfusion studies, a Langendorff preparation was made as described above except the hearts were not paced. The intrinsic rhythm averaged 333±5 Hz (mean±SEM, n=43) at the end of the 10-minute equilibration period. After 30, 45, and 60 minutes of ischemia, the hearts were reperfused for 10 minutes. The ECG was monitored throughout the ischemic and reperfusion periods by two needle electrodes attached directly to the heart. The hearts were removed at the end of the 10-minute period and homogenized as described above.
Oxalate-Supported Calcium Uptake Rate
The uptake conditions were maintained at 37° C and included (mM) KC1 100, imidazole buffer 20, NaN 3 10, ATP 5, MgCl 2 5, added CaCl 2 0.2, potassium oxalate 10, and typically about 1.8 mg homogenate protein/ml, with no SR calcium channel blocker, or 500 fiM ryanodine or 25 /AM ruthenium red (pH 7.0). Prefilters (Millipore, Bedford, Massachusetts) were used to prevent clogging of the 0.45-^im filters at this high protein concentration. The rate of uptake was calculated from the linear regression of calcium uptake determined at 0.5, 1.0, 1.5, and 2.0 minutes after initiation of uptake. Recent studies have shown that the specific activity of the filtrate 43 Ca is unchanged throughout this assay. 28 In either the presence or absence of ryanodine, the calcium uptake (in nanomoles per milligram) was linear with time, and the calcium uptake rate (in nanomoles per milligram per minute) was independent of the volume of the homogenate taken for the assay. The uptake assays were completed within 10 minutes after homogenization.
The free calcium concentration ([Ca]) and magnesium concentration ([Mg]) in the uptake bath were estimated in the absence of homogenate protein with arsenazo III as a calcium indicator. ATP and oxalate bind Mg* + and Ca 2+ , and thus, the free [Mg] and [Ca] are much lower than the added concentrations described above. The free [Mg] was estimated to be 0.31 mM whereas the free [Ca] was 23.5 MM at 200 yM added [Ca] . At 40 fiM added [Ca], the free [Ca] was 4.5 yM. Thus, uptake of 80% of the available calcium would still result in sufficient residual free [Ca] to saturate the Ca-ATPase. This conclusion was confirmed by the observation that calcium uptake was linear throughout the time used to measure uptake. 28
Ryanodine and Ruthenium Red
Ryanodine was obtained from S.P. Penick, Lyndhurst, New Jersey, and was used as the mixture of ryanodine and didehydroryanodine. The stock solutions were made gravimetrically and were checked by the absorbance at 271 nm by use of an extinction coefficient of 1.79X10 4 NT 1 . 24 Whole heart homogenates were preincubated with 625 /AM ryanodine or 25 fiM ruthenium red at 37° C in a bath containing (mM) KC1 125, imidazole 25, NaN 3 12.5, and potassium oxalate 12.5 for either 4 or 10 minutes. The calcium uptake assay was begun by the addition of ATP, magnesium, and calcium and equilibrated to 37° C to attain the concentrations described above. The concentration of the stock ruthenium red (Sigma Chemical, St. Louis, Missouri) solutions was determined by the absorbance at 533 nm by use of an extinction coefficient of 6.16X10 4 M" 1 . 34
Statistical Analysis
One-way analysis of variance was performed on each set of experiments and was followed by Duncan's multiple-range test. The level of significance was always taken as 1%.
Results
All of the experiments reported here used the ventricular homogenate calcium uptake rate in the presence and absence of SR calcium channel blockers as an indicator of SR function. We chose to use the homogenate oxalate-supported calcium uptake activity for a variety of reasons: 1) This activity is a rapid, reliable, and accurate assessment of SR function. 2) Isolated SR from ischemic heart muscle may not be representative of the whole tissue SR, 1 and thus, experiments on isolated SR may not accurately reflect what is happening to total tissue SR. 3) Methods are not currently available for the isolation of representative, active rat cardiac SR. It is imperative to document that the method we have used is a reliable indicator of SR function.
The oxalate-supported homogenate calcium uptake rate was measured immediately after homogenization by 45 Ca and Millipore filtration. 10 It has been shown previously that this uptake measured in the presence of azide is not due to mitochondria 35 or sarcolemma 36 and is, thus, restricted to the SR. Rapid kinetic studies performed on isolated dog cardiac SR show that the initial rate (0-0.2 sec) of calcium uptake in the absence of oxalate is only slightly faster than the sustained rate of calcium uptake in the presence of oxalate. 37 Thus, oxalatesupported calcium uptake is a good indicator of the initial uptake rate in the absence of oxalate. To test the possibility that our homogenization procedure might only partially disrupt the cells so that some of the SR calcium uptake escapes detection due to an intact sarcolemma, we measured the calcium uptake rate of homogenates in the presence of various concentrations of saponin, a steroid gh/coside that Values are mean±SEM (n=4). Uptake conditions were as described in "Materials and Methods" with 4 minutes of preincubation with ryanodine.
permeabilizes cells by interacting with cholesterol in the cell membrane. 38 -39 The results (Table 1) indicate that saponin did not increase calcium uptake at any concentration but caused a slight decrease in calcium uptake at the higher concentrations of saponin. This decrease may be due to a nonspecific detergent effect of the higher concentrations of saponin. The results suggest that our homogenization procedure permeabilizes most of the myocytes and allows measurement of calcium uptake by the SR even though all of the SR may not be released by the homogenization. 40 Because our experiments rely heavily on the pharmacological action of ryanodine and ruthenium red, it is necessary to establish the nature and specificity of action of these agents. The reported multiple effects of ryanodine on both cardiac 10 and skeletal 21 -22 SR apparently derive from the opening of the channel at low ryanodine concentrations and the closing of the channel at high ryanodine concentrations (see introductory section). Ryanodine appears to have no direct effect on the SR Ca-ATPase or on the passive efflux distinct from the pump and channel. 10 Previous investigations of the effects of various concentrations of ryanodine with 4 minutes of preincubation of rat heart homogenates showed a slight inhibition of the calcium uptake rate at low ryanodine concentrations and marked stimulation of the calcium uptake rate at the highest concentration of ryanodine used (625 juM). 28 This result is similar to previous results reported with canine cardiac SR. 10 -24 Previous studies have also shown that the effect of ryanodine on the oxalatesupported calcium uptake rate of rat heart homogenate takes considerable time to develop. 28 The stimulation of calcium uptake by ryanodine was not maximal until 10 minutes, but it was 90% of maximal at 4 minutes of preincubation. We have used both 4 and 10 minutes of preincubation in this study. The control calcium uptake rate declined only 7% over 10 minutes at 37° C.
The maximal stimulation of rat heart homogenate calcium uptake rate was obtained with a total ruthenium red concentration near 50 /JM, but the effect of 10 fiM was not significantly different from the effect of 50 pM. 28 These concentrations are significantly higher than those needed to exert a maximal effect on isolated canine cardiac SR. 25 This may be due to a lowered ruthenium red concentration due to binding to homogenate material. Because ruthenium red has been reported to affect the SR Ca-ATPase, 41 the preincubation period was limited to 0.2 minutes with ruthenium red. However, preliminary experiments with 4 minutes of preincubation with ruthenium red gave the same result as 0.2 minutes of preincubation. This suggests that the concentrations of ruthenium red that we used were insufficient to affect the SR Ca-ATPase activity during the period of preincubation that we used.
These preliminary studies and previous control studies 28 allowed us to investigate the calcium uptake of whole-rat heart homogenates under conditions in which specific closure of the SR calcium channel could be assured. The results for the in situ ischemia is shown in Figure 1 . Ischemia of 10-minute duration or longer produced a statistically significant depression (p<0.01) in the rate of calcium uptake measured in the absence of ryanodine. The depression in calcium uptake was 19% after 10 minutes of ischemia, and this increased to 50%, 65%, and 81% after 15, 30, and 60 minutes of ischemia, respectively. These results are similar to earlier results obtained from an in situ nonworking model of global ischemia in dog hearts. 1 calcium uptake rate was measured in the presence of ryanodine, ischemia produced no depression of calcium uptake.
Ten minutes or more of ischemia caused a statistically significant depression of SR calcium uptake activity in the absence of ryanodine in rat hearts placed on a Langendorff apparatus (Figure 2 ). Here the depression was 35%, 37%, 58%, and 64% after 10,15, 30, and 60 minutes of ischemia, respectively. Although not identical, these results are similar to those obtained in the in situ model. Again, the calcium uptake rate measured in the presence of ryanodine did not show a statistically significant depression after any period of ischemia.
The effect of ischemia on the stimulation of calcium uptake rate by ruthenium red is shown in Table 2 . In this experiment, the effect of 10-minute preincubation of the homogenates with 625 yM. ryanodine was also assessed. The calcium uptake rate in the absence of the SR channel blockers decreased 28%, 50%, 68%, and 75% after 10,15,30, and 60 minutes of in situ global ischemia, respectively. This compares well with the previous results Values are mean±SEM (/i=6 rats per group). Ruthenium red was used with a short (0.2-minute) preincubation. Ryanodine was preincubated for 10 minutes. *Significantly different from control value atp<0.01.
( Figure 1) . The calcium uptake rate in the presence of ryanodine or ruthenium red was not depressed after global ischemia. The results in Table 2 corroborate our previous results: ischemia causes a decrease in calcium uptake by the SR that is completely reversed by SR calcium channel blockers. The effect of reperfusion on the homogenatesupported calcium uptake rate is shown in Figure 3 . In this set of experiments, time-matched control studies were also performed. The results show that 30, 45, and 60 minutes of flow beyond the equilibration period was not associated with a significant change in the homogenate calcium uptake rate. The uptake rate was significantly depressed by 30, 45, and 60 minutes of ischemia compared with the flow controls (p<Q.01). In hearts subjected to ischemia followed by reperfusion, there was some recovery of the homogenate uptake rate. At 45 minutes of ischemia, the uptake rate was 7.0±0.8 nmol/mg/min (nmolAnin-mg) 20 40 60 Time (min) FIGURE 3 . Graph showing rat heart homogenate uptake rate after the indicated period of ischemia (•), flow control (o\ or the indicated period of ischemia followed by 10 minutes of reperfusion (A, A) . The solid symbol (A) represents the uptake rate from hearts that failed to recover sinus rhythm. The open symbol (A) is from hearts that recovered sinus rhythm. (n=6), and after 10 minutes of reperfusion, it was 9.3 ±0.7 nmol/mg/min {n=6). These values were not statistically different at the 5% level. The corresponding numbers after 60 minutes of ischemia and ischemia plus reperfusion were 6.0±0.5 and 8.0±0.8, respectively. These values were also not statistically different. Of the 12 hearts exposed to 45 and 60 minutes of ischemia and 10 minutes of reperfusion shown in Figure 3 , none recovered the normal sinus rhythm observed in the equilibration period. One additional heart reperfused after 45 minutes of ischemia did recover normal rhythm and had a homogenate uptake rate of 15.1 nmol/mg/min.
0.2s
A total of 15 hearts were reperfused for 10 minutes after 30 minutes of ischemia. Of these, 10 recovered a normal rhythm and five did not. Representative tracings of the ECG from these recovered and nonrecovered hearts is shown in Figure 4 . The patterns of arrhythmias that persisted throughout the reperfusion period were variable. Individual hearts also showed a variable pattern, as seen in Figure 4A . The ECGs in the recovered hearts were also variable. Part of this variability may be due to variable placement of the recording electrodes. However, individual hearts that recovered also showed variable ECG patterns during the recovery period, as shown in Figure 5 . Presumably these variations in the ECG reflect real differences in the electrical activity of the heart during recovery and are not artifacts.
When the homogenate uptake rates were grouped according to the recovery or nonrecovery of normal rhythm during reperfusion, a significant difference emerged. The homogenate uptake rate of the recovered hearts was 13.5+0.5 nmol/mg/min (n=10), and the uptake rate of nonrecovered hearts was 10.0±0.5 nmol/mg/min («=5). This difference was statistically significant (p<0.01).
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Period MAIL 2min Reperfusion 6min lOmin 0.2 s FIGURE 5. ECG recordings from a single rat heart during the equilibration period and during the reperfusion period after 30 minutes of ischemia. The tracings were obtained at the indicated times after initiation of reperfusion.
The homogenate calcium uptake rate was also measured in the presence of ryanodine for all of the treatments shown in Figure 3 . There were no statistically significant differences among any of the groups.
The possibility remains that the reduced uptake rate observed after ischemia could be a consequence of the homogenization procedure, which does not accurately reflect the activities of the SR in situ. We investigated the stability of the homogenate calcium uptake rate from normal rat hearts and found that the ryanodine-sensitive portion of the calcium uptake rate was more labile than the ryanodine-insensitive portion ( Figure 6 ). This suggests that it is unlikely that the ryanodine-insensitive activity would be preferentially decreased solely by the process of homogenization and preincubation.
Discussion
The results reported here demonstrate that ischemia produced in situ or in vitro is associated with an early failure of calcium uptake by the cardiac SR and that this failure is readily reversible by the addition of ruthenium red or high concentrations of ryanodine. Current evidence reviewed in the introductory section shows that ryanodine acts on a receptor located in the junctional terminal cisternae of both cardiac and skeletal muscle and that this receptor may be the calcium pore of the SR calcium release channel. Because ryanodine has been shown to have a specific effect on the calcium channel, 10 reversal of the depression of uptake in ischemia by ryanodine indicates that the efflux through the SR calcium channel was increased as a consequence of ischemia and that the calcium pump and the permeability barrier of the SR membrane were not significantly affected by ischemia. The above conclusion rests on the adequacy of homogenate calcium uptake rate as an indicator of SR function and the specific action of ruthenium red and ryanodine to close the calcium channel of the SR membrane. As reviewed in the introductory section and in "Results," considerable evidence suggests that the homogenate oxalate-supported calcium uptake rate is a reliable indicator of SR function. Although the oxalatesupported calcium uptake rate has the disadvantage of being somewhat ambiguous because of the several pathways for calcium, it has the advantage of being completely representative of the tissue SR; none of the SR has been discarded during the isolation of purified SR. It has another advantage of being extremely rapid. Uptake rates can be determined within a few minutes of homogenization so that degradation of SR activity is minimal.
As stated in the introductory section and in "Results," it has been shown that ryanodine exerts specific but multiple effects on the SR calcium channel. This work has been performed with isolated rabbit skeletal and dog cardiac SR. Although information is unavailable for isolated rat cardiac SR, the similarity between the concentrations of ryanodine, time of preincubation, and magnitude of the ryanodine and ruthenium red stimulation suggest that rat cardiac SR is similar to dog cardiac SR io,28 The preincubation conditions of ruthenium red and ryanodine were chosen on the basis of previous studies 28 to optimally stimulate rat homogenate calcium uptake.
The conclusions given above also rest on the assumption that the SR calcium channel is opened during the normal oxalate-supported calcium uptake measurement so that uptake is impaired; closure of the channel with ryanodine or ruthenium red would then allow faster uptake. The opening of the SR calcium channel under the normal uptake conditions reported here is a consequence of the high Ca 2+ concentration (between 5 and 24 ju,M) maintained throughout the uptake assay. The calcium channel is opened in response to Ca 2+ in this concentration range and is closed by H + and Mg 24 ". 2 * Ample evidence obtained with dog cardiac SR indicates that this channel can nearly completely prevent calcium accumulation under similar uptake conditions. 9 -11 In our experiments, the homogenates were all equilibrated for 4-10 minutes under identical conditions before measurement of the uptake rate, also performed under identical conditions. Thus, the concentrations of Ca 2+ , H + , and Mg 2+ were not different for the ischemic and control heart homogenates at the time of the uptake assay. Although the myocyte concentrations of these ions may change as a consequence of ischemia, these possible changes are insufficient by themselves to explain the results reported here. The SR was exposed to ryanodine only after homogenization of the heart, and therefore, our data suggests that the decreased calcium uptake that is reversed by ryanodine persists after homogenization and preincubation.
It is known that the rate of calcium uptake by cardiac SR can be regulated by the phosphorylation of phospholamban by cyclic 3',5'-AMP-dependent protein kinase, calmodulin-dependent protein kinase, 42 or protein kinase C. 43 The major effect of this regulation is a shift in the calcium requirement for calcium uptake to lower concentrations of Ca 2+ . 42 This regulatory effect does not appear in our results because the assay for calcium uptake was designed to assure saturation with calcium throughout the uptake assay. Thus, any differences in phosphorylation of phospholamban in our experiments would not be observed.
The experiments reported here used a nonworking model of cardiac ischemia. This model was chosen to allow comparisons with the in situ ischemia in rats and previous results obtained in dogs. 1 The ischemic damage observed in this model, and in particular the time course of the damage, is probably not the same as in a working model of the heart in which the concentrations of ATP, ADP, and phosphate may fall more rapidly. Comparison of working and nonworking heart models will allow estimation of the importance of metabolite levels to ischemic damage.
Previous studies using 19 F NMR spectroscopy of intact perfused hearts loaded with 5F-l,2-bis(2aminophenoxy)ethane-A/, N, N' ,N' ,-tetraacetic acid (BAPTA) have suggested that the cytosolic free calcium concentration increases after about 5-10 minutes of ischemia, but not before. 29 -32 This time course corresponds well to the period of ischemia we have observed that produces an increased opening of the ryanodine-sensitive efflux pathway. Other studies using indo 1-loaded intact hearts, howe indicate that the cytosolic calcium rises within a seconds of the onset of ischemia. 30 -31 This e increase was abolished by verapamil and was a ciated with a depression in contractility. 31 depressed contractility in the presence of clev, calcium points to a decreased sensitivity of myofilaments for calcium. 31 -44 Early experim with aequorin-loaded isolated myocytes or papil muscles exposed to hypoxia or metabolic poisi however, did not show an increase in the cytos calcium transients, 45 -46 whereas later experim show an increase after about 15 minutes of hypox The discrepancies between the results with aequ( loaded and indo 1-loaded preparations may be to the difference in stimulus rates (3 Hz for intact heart and 0.33 Hz for the papillary muscl( to the failure of energy deprivation to reproduce conditions of ischemia. The discrepancy in the i course of the rise in cytosolic calcium in the stu using indo 1 and 5F-BAPTA as [Ca] probes ma; due to the much greater calcium buffering actio 5F-BAPTA or to different effects of ischemia or surface cells measured by the indo 1 method c pared with the deeper cells measured by the BAPTA NMR method. Our results suggest that possible contribution to the increased cytos calcium after ischemia may be calcium release i the SR.
It has been shown that low concentration ryanodine can prevent ventricular arrhythmias ing acute myocardial ischemia and reperfusio the rat heart. 33 This effect may be due to emptying of the SR by the low concentration ryanodine 48 with the result that the SR no lo releases calcium to activate sarcolemmal calci activated channels. 49 A previous study has i cated that spontaneous localized calcium rel from the SR can generate an action potenti* normal resting membrane potential. 50 Our ex] ments suggest a possible correlation between function and arrhythmogenesis. The calcium up rates of hearts that recovered normal rhythm significantly greater than those of hearts remained arrhythmic. Although this result does establish cause, it is consistent with the hypotr that an abnormal calcium release from the predisposes to reperfusion-induced arrhythmia Although we have not addressed the proxu cause of the ryanodine-reversed decrease in calcium uptake, at least two possibilities are ported by previously published results. First, modulin inhibits calcium release, 26 -51 and this ir itory effect of calmodulin may be removed ; ischemia. S2 Second, the high molecular weight teins that have been shown to be the calc channel 13 -20 are sensitive to calcium-depen proteases 53 that have been shown to become vated during ischemia. 54 Identification of the p imate cause of ischemic damage to the SR cal< release channel may be an important goal in the 21. elucidation of the pathogenesis of ischemia.
